Ornithine decarboxylase (ODC) is the rate limiting enzyme that catalyzes the synthesis of poly amines from ornithine and is thought to be involved in the cellular response to growth, differentiation, and stress. Previous studies have demonstrated that transient cere bral ischemia results in an increase in ODC activity and polyamine synthesis. We have used the Mongolian gerbil as a model system to test the hypothesis that the cellular response to ischemia induces a distinct pattern of ODC gene expression. Our results indicate that transient isch emia, induced by bilateral carotid occlusion, elevates ODC mRNA within 1-4 h after reperfusion, which corre lates with increased ODC activity and polyamine synthe-
ODC activity have been found during cell prolifer ation (O 'Brien and Diamond, 1977) and increased polyamines are required for certain growth regulated cellular functions (Holtta and Hovi, 1985; Seidenfeld et aI. , 1985) . Changes in ODC activity and polyamine synthesis have been associated with induction of the glycolytic pathway during the G1 phase of the cell cycle (Brand, 1987) . Treatment of mitogen-activated lymphocytes with difluorometh ylornithine, an inhibitor of ODC activity, blocks protein translation and DNA synthesis and prevents cellular proliferation (Brand, 1987) . These results suggest that increased ODC activity is important in the regulation of cellular proliferation and in the cellular response to various other stimuli.
ODC activity and polyamines are postulated to be of importance in the generation of cerebral edema, platelet function, prostaglandin synthesis, and cal cium-dependent endocytosis (Koenig et aI., 1983 (Koenig et aI., , 1989 . Previous studies have demonstrated stimula tion of the ODC enzyme after cerebral ischemia (Kleihues et aI., 1975; Dienel et aI. , 1985; Dempsey et aI., 1988a,b) . Following ischemia and 4 h of reperfusion, there is a sevenfold increase in ODe activity in the gerbil brain (Dempsey et aI., 1988a) .
Accompanying this increase in enzyme activity is the immunodetection of ODe protein in the neurons of the cerebral cortex subjected to ischemia. Inhi bition of polyamine synthesis in the gerbil brain by difluoromethylornithine protected the animals from neuroelectrical dysfunction and cerebral edema (Dempsey et aI., 1988b; Paschen et aI., 1988) . This suggests that changes in polyamine levels may dis rupt neuronal integrity, resulting in the generation of ischemic brain injury.
We postulated that the increased metabolism and enzyme activity after transient cerebral ischemia and reperfusion of the gerbil brain might be initiated by the induction of specific gene transcription. To elucidate the mechanisms involved in the increase in ODe activity after ischemia and reperfusion, RNA was isolated from the brain and examined for ODe mRNA. The demonstration of an increase in transcriptional activation of the ODe gene would improve our understanding of how ODe is regu lated and lead to studies of the structure of the pro moter and the nature of the transcriptional factors that interact with the ODe gene.
MATERIALS AND METHODS

Animals and treatments
Male gerbils were prepared for transient forebrain isch emia as described previously (Chandler et aI., 1985) . An imals were anesthetized with pentobarbital (40 mg/kg), and occluders were surgically placed around the carotid arteries. Following surgery, the gerbils were individually housed and allowed to rest for 2 days to clear the anes thetic. Occluders are used to produce the transient isch emia by clamping both common carotids (Chandler et aI., 1985) . The occlusion was maintained for a specified pe riod of time (10 min) and then removed to allow for com plete reperfusion. Animals were killed by decapitation at specified times (0 min to 48 h) following reperfusion and the brains removed for edema measurements and RNA analysis. For regional analysis of gene expression, fore brain, midbrain, striatum, hippocampus, and cerebellum were dissected from control 1, 4, or 24 h after reperfu sion, according to a stereotaxic atlas of the gerbil brain (Loskota et aI., 1974) , and areas from four animals were combined to obtain enough material for RNA analysis. Separate groups (n = 3) were pretreated with pentobar bital (40 mg/kg for 30 min), glutamate antagonist ( + )-MK-801 (10 mg/kg for 1 h), and the less active isomer (-)-MK-801 (10 mg/kg for 1 h) via intraperitoneal injec tion prior to the initiation of ischemia to determine their effect on gene expression. Brains were isolated at reper fusion times of 1, 4, or 24 h. In the nonischemic animal groups, the animals were prepared surgically but not oc cluded.
J Cereb Blood Flow Metab, Vol. 11, No.6, 1991 Brain edema measurements Animals were killed by decapitation after the appropri ate reperfusion period (4 h), and the brains were removed immediately. Forebrain tissue was removed in I-mm3 sections; the right hemisphere was immersed in kerosene for edema studies (Dempsey et aI., 1988c) and the left hemisphere was used for polyamine levels. The specific gravity of the gray and white matter was measured as an indicator of edema formation (Marmarou et aI., 1978; Klatzo, 1985) . A kerosene/bromobenzene continuous gra dient column was used for the testing of specific gravities. Calibration was performed using K 2 S04 samples of known specific gravity. Samples from control animals and from animals that underwent 4 h of reperfusion after ischemia were used for brain specific gravity and edema measurements.
RNA isolation and Northern blots
Total cellular RNA was isolated from gerbil cortex as described by Chirgwin et al. (1979) after ischemia and reperfusion. Briefly, the cortex was homogenized in gua nidine thiocyanate (10 ml/g tissue) and nucleic acids were precipitated with ethanol, followed by precipitation of RNA with two ethanol applications in guanidine hydro chloride. RNA was analyzed for specific gene expression by electrophoresis through a 1.0% agarose/2.2 M formal dehyde gel (Kindy and Verma, 1990) . The RNA gels were treated with 50 mM NaOH for 20 min, then neutralized in 0.1 M Tris (pH 7.4) for 20 min and soaked in 20 x SSC (3 M NaCl/0.3 M sodium citrate) for 1 h. The RNA was transferred to nitrocellulose and hybridized in 50% form amide, 100 mg/ml denatured salmon sperm DNA, 5x Denhardt's (0.1% each bovine serum albumin, ficoll, polyvinylpyrrolidine), 0.1% sodium dodecyl sulfate (SDS), 20 mM sodium phosphate (pH 6.8), and 1 M NaCI with 3 2 _p labeled cDNA probes (1 x 106 cpm/m!) for 12-16 h at 42°C. The blots were washed twice in 2x SSC and 0.1 % SDS and twice in 1 x SSC and 0.1 % SDS for 30 min each at 68°C. Resulting blots were visualized by autora diography. DNA probes for human c-fos (Sassone-Corsi et aI., 19 8 8), mouse ODC (Hickok et aI., 1986) , and rat �-actin (Bond and Farmer, 1983) were prepared by isola tion of excised fragments and random primer labeled us ing the method of Fienberg and Vogelstein (1982) . Den sitometric scanning was performed on auto radiograms us ing an LKB Ultrascan densitometer (LKB).
Statistical analysis
All values reported are means ± standard deviation of the mean. All comparisons were done using analysis of variance. Statistical significance was accepted for P of ",, 0.05.
RESULTS
Cerebral edema
To verify that changes in cerebral edema were generated in response to the experimental ischemic event, specific gravity was determined in a sub group of control and ischemic animals (n = 3). Spe cific gravity of control animals was measured at 1.0393 ± 0.001, whereas ischemic animals demon strated a significant drop (P :oS 0.05) in specific grav ity with 4 h of reperfusion to 1.0368 ± 0.0018. This increase in cerebral edema confirmed that the brain had been subjected to an ischemic event sufficient to initiate brain edema formation. In addition, in creased polyamine levels were detected 8 h post ischemia (data not shown).
mRNA analysis
To characterize the regulation of ODe enzyme activity in the ischemic animal, RNA was isolated from control nonischemic animals and at various reperfusion times after to min of carotid occlusion in experimental animals ( Fig. lA and B ). By 4 h of reperfusion, there was a three-to fourfold increase in the level of ODe mRNA when compared with control animals. ODe mRNA appeared to be tran siently elevated: By 8 h the level of RNA was lower than at the 4-h timepoint and by 12 h returned to basal levels (control levels). In contrast, the cellular proto-oncogene c-fos expression ( Fig. 1 -ODC posed of two species (2.2 and 2.7 kbases), which arise from differences in the 3' termini due to alter nate polyadenylation signals in the mouse gene (Hickok et aI., 1986) . From our data, we demon strated two species of ODe mRNA in the gerbil brain and that there was no difference by brain re gion and in the time of reperfusion for the selective utilization of one polyadenylation signal over an other in mRNA expression.
After establishing the localization of the ODe mRNA expression detected by hybridization to ischemic cortex, we analyzed RNA extracted from different brain regions and performed Northern blot analysis for specific changes in ODe mRNA throughout the brain ( Fig. 2A) ..
. ODe mRNA expression was next studied.
The early rise in cortical ODe mRNA in the ab sence of inhibitors was apparent during ischemia and reperfusion of the brain (Fig. 3) . Pentobarbital has been demonstrated to have a preventative effect on ischemia-induced brain injury. Pretreatment with pentobarbital prior to ischemia completely blocked the rapid increase of the ODe mRNA. To help identify the regulation in ODe mRNA changes, we looked at activation of the glutamate receptors, which appear to be the mode of neuronal stimulation in drug-induced seizures and are postu lated to be active in postischemic damage (Sonen berg et aI., 1989) . Inhibition of N-methyl-D aspartate receptor activation prevents seizure in duction by convulsants (Saffen et al. , 1988) , Vol. 11, No.6, 1991 reduces neurodegeneration produced by metham phetamine (Sonsalla et al. , 1989) and ischemia/ reperfusion injury (Simon et al. , 1984) , and blocks
ODe activity (Koenig et aI., 1990) . However, in our model, antagonism of the glutamate receptors with the active compound ( + )-MK-801 or the less active (-)-MK-80 1 did not alter the increase in ODe mRNA (Fig. 3) .
DISCUSSION
ODe catalyzes the rate-limiting step in polyamine synthesis. Polyamines are essential for cellular growth and response to stress (Janne et aI., 1978).
ODe is an inducible enzyme of short half-life that appears in cells in response to such stresses. Mea Our results indicate that the increase in ODC ac tivity in the postischemic brain correlates with a preceding increase in the level of ODC mRNA. Pre vious studies have demonstrated an increase in ODC activity by 4 h after the initiation of ischemia and reperfusion (Dempsey et aI. , 1988a) . As indi cated in Fig. 1 , the increase in ODC mRNA occurs within 1-4 h after ischemia and reperfusion. The three-to fourfold increase in ODC mRNA only par tially accounts for the sevenfold increase in the ODC enzyme activity seen in prior studies, indicat ing a change in the translational efficiency of the mRNA or increased enzyme activity. These results suggest that in the ischemic process, ODC mRNA, ODC activity, and polyamine levels are temporally related to the ischemic event.
Ischemia and reperfusion in the gerbil result in accumulation of ODC mRNA in regions of the brain subject to the ischemic event. The two mRNA spe cies are detected in increased amounts in the isch emic brain in the hippocampus, forebrain, mid brain, and striatum, but the detectable levels in the cerebellum remain unchanged during ischemia and reperfusion (Fig. 2) (Sheng and Greenberg, 1990) . Nonneu ronal cell proliferation is dependent upon growth factor-stimulated changes in cellular mediators controlling the regulation of genes whose expres sion appears to be essential for cell growth (Curran and Franza, 1988) . Stimulation of gene expression by ischemia is similar to the regulation of gene ex-pression demonstrated in fibroblasts by growth fac tors and pharmacological agents. The activation of the "immediate early genes," such as c-fos, c-jun, jun-B, and zif/268, which encode transcriptional fac tors, is responsible for determining the pattern of gene expression in cell growth (Bohmann et aI., 1987; Christy et aI. , 1988; Bartel et aI. , 1989) . We know from studies performed in Aplysia that mac romolecular synthesis is important for neuronal de velopment and long-term changes in memory and learning (Schwartz et aI., 1971) . This suggests that the effects of long-term changes in neuronal func tion may correlate with the changes seen in cellular proliferation.
In the attempt to identify the neuronal responses involved in normal brain functioning, we have used the gerbil cerebral forebrain ischemia model to study gene expression after intense neuronal stim ulation by transient ischemia. Although the re sponses of the neurons to ischemia may demon strate enhanced expression of specific genes, the studies presented should help us to understand the role these genes play in normal brain processes, such as learning and memory, and, in addition, characterize the program of genomic responses in neurons to specific cellular injury that may be in volved in the long-term consequences of neurons, such as neuronal death.
